Introduction
The panorama of potential ototoxicity of some antibiotics gained recognition among medical professionals after World War II [1] . With the evolution of the pharmaceutical industry over the decades, there has been an increase in the number of potential ototoxic agents in the international pharmacopeia. Ototoxicity is the cellular degeneration of cochlear and/or vestibular tissues leading to its functional deterioration, due to the usage of certain therapeutic agents [2] . Ototoxic drugs can act on the cochlea, vestibular system or both. There are over 600 categories of drugs which have the potential to cause ototoxicity [3] . Aminoglycoside antibiotics, platinum-based chemotherapeutic agents, loop diuretics, macrolide antibiotics, and antimalarials are the commonly used ototoxic drugs [2] with well-documented efficacy against various infections and malignancies in children and adults.
Damage to the auditory system due to drugs can present in various ways: tinnitus, hearing loss, hyperacusis, aural fullness, dizziness, and vertigo [3] . Symptoms may range from temporary tinnitus to permanent deafness and/or mild imbalance to total incapacitation. The onset of these symptoms can be si-
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Purushothaman Ganesan 1 multaneous or singular. Symptoms can develop rapidly or gradually and can be either reversible or irreversible. The commencement of symptomatology is often uncertain. A high inter-individual variability in symptomatology is observed due to differences in genetic factors, pharmacokinetics, metabolic status of the individual and co-morbid medical conditions. Although the drug-induced hearing loss is not a life-threatening condition, it can have a negative impact on communication and health-related quality of life, with significant vocational, educational and social consequences [4] . In children, even minimal to mild hearing loss can hamper speech, language, cognitive and social development, which may lead to poor scholastic performance and psychosocial functioning. The goal of management of ototoxicity is to minimize or prevent communication impairment [3, 5] , and plan appropriate rehabilitation measures.
Epidemiology
Ototoxicity occurs in all age groups. Although it is well documented, the global magnitude of its incidence is unknown due to various reasons such as existence of varied and diverse criteria to define ototoxicity [Chang grading system, Tune grading system, American Speech-Language-Hearing Association (ASHA) criteria etc.], wide range of reactions to a drug in different ethnic groups, utilization of various audiological protocols for evaluation, and lack of referral for otological symptoms since these are either reversible or non-life threatening. The cisplatin ototoxicity occurs between 23% and 50% in adults and up to 60% in children [4, 6] . However, some studies have reported elevated hearing thresholds in up to 100% of cisplatin-treated cancer patients [7, 8] , while it is estimated to be 63% with aminoglycosides and 6-7% with furosemide [9] . In addition, incidence severity of ototoxic hearing loss seems to be dose-dependent and cumulative in fashion and can be influenced by factors such as: age, gender, and co-morbid conditions like congestive heart failure, renal failure, hypertension, genetic susceptibility, geographic factors, type of drug, route of administration, duration of therapy, bio-availability and pre-existing hearing loss.
Ototoxicity and Drug Metabolizing Genes
Well defined unequivocal associations have been established between chemotherapy and its complications. However, significant inter-individual variability is observed in the development of therapy-related hearing loss for a given therapeutic exposure. These variations can likely be explained by genetic predisposition and its interaction with chemotherapy which can potentially exacerbate the toxic effect of treatment on normal tissues. In order to minimize at-risk individuals, it would be highly advantageous to identify genetic variants that predispose ototoxicity, but precise identification of these genetic variants presents a daunting task due to phenotypical variation.
Candidate gene pharmacogenetic studies have explored the relationship between drug-induced hearing loss and several genotypes such as thiopurine methyltransferase (TPMT), ATPbinding cassette transporter C3 (ABCC3), glutathione-Stransferase subclasses (GSTP1, GSTM1, GSTT1), catechol-Omethyltransferase (COMT), and megalin, yielding largely inconsistent results [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . To date, certain mutations in the mitochondrial DNA, the A1555G mutation, in particular, has been linked with increased susceptibility to aminoglycosiderelated ototoxicity [20] . A genome-wide association study approach has identified the association between cisplatin-induced hearing loss and genetic variants such as superoxide dismutase 2 (SOD2) and Acylphosphatase-2 (ACYP2) [21, 22] .
Diagnosis
A common problem encountered in clinical practice is a delay in diagnosing ototoxicity. Drug-induced hearing loss appears to be quite variable and highly inconsistent. Diagnosis should be based on the patient's history, symptoms and test results. Many variables such as age, co-morbid medical conditions, and cognition levels may delay the early detection of ototoxicity. It is essential to create awareness among patients, caretakers, and nurses about the significance of symptoms such as tinnitus, ear fullness, reduced hearing, oscillopsia, and disequilibrium, and that this should be immediately reported to their physicians and audiologists. Ototoxicity often progresses undetected until a considerable hearing communication problem becomes apparent signifying hearing deterioration in the frequencies necessary for speech understanding. Clinically, ototoxicity is diagnosed by comparing audiometric test results done before and after the administration of ototoxic drugs.
Current practice of ototoxicity monitoring
Ototoxic hearing loss can substantially impact interpersonal communication and quality of life, but its impact can be minimized by following an established ototoxicity monitoring program as it embraces the principles of early identification and early intervention. Ototoxicity monitoring is essential in obtaining a pathophysiological description of the ototoxic agent's effects and for keeping track of the changes over time [5] . Ototoxic hearing change has a relatively predictable course of action as it preferentially affects the basal turn of the co-chlea, its outer hair cells in particular (high-frequency limit of hearing) and progresses to the apical portion including lower speech frequencies. Ototoxic monitoring can be successful only when a fixed regimen is followed. This involves the education and coordinated effort of numerous health professionals (Oncologist, ENT specialist, audiologist, clinical pharmacist, nurses) and also patients. Monitoring techniques should be considered based on their efficacy, sensitivity, and specificity.
Sequential ototoxicity monitoring helps with the following: 1) Comparing the auditory test results during the course of drug therapy, 2) Early identification of change in hearing, 3) Need for potential alterations in therapy, 4) Prevention of debilitating ototoxic-induced hearing loss if therapy is changed, and 5) Auditory rehabilitation to minimize the negative impact of ototoxicity. The ASHA's [23] "Guidelines for the audiologic management of individuals receiving cochleotoxic drug therapy (1994)" states that baseline audiometric test should be done within 24 hours of administering chemotherapeutic agents and within 72 hours of administering aminoglycoside antibiotics. Audiological reassessment done within 24 hours of the baseline test can determine patient reliability for behavioural threshold testing. It was also highlighted that testing should be initiated with a comprehensive case history including possible otologic disorders, co-morbid conditions, exposure to noise, family history of ear disorders/genetic susceptibility to ototoxic drugs, and prior usage of ototoxic medication. Ototoxicity typically begins in the frequencies above 8,000 Hz and progresses to lower speech frequencies [24] . Therefore, ASHA and the American Academy of Audiology (AAA) recommend that baseline assessment should include behavioural measures such as pure-tone audiometry (PTA) from 250 Hz to 8,000 Hz and high-frequency audiometry (HFA) from 9,000 Hz to 20,000 Hz, plus objective measures such as distortion product of otoacoustic emissions (DPOAEs) and tympanometry, along with self-evaluating questionnaires [23, 25] . Each measure provides valuable information in an ototoxicity monitoring program (peripheral and/or central auditory function, apical versus basal cochlear turn, and subjective versus objective measure), where test protocol selection is driven by both clinical purpose and patient epidemiological characteristics.
There is a wide variability between recommended audiometric tests for ototoxicity monitoring and tests actually utilized in clinical practice. There are a limited number of studies reporting the implementation of the protocol in ototoxicity monitoring in cancer patients. In the UK, Wilkinson and Mora [26] performed postal questionnaire surveys of pediatric cystic fibrosis (CF) units to audit audiological surveillance in these services, and 22 out of 27 centres responded. Of the respondents, only about 41% of the centers had an established audiological screening protocol where baseline hearing assessments were carried out only in 2/22 (9%) centers prior to ototoxic drug administration. A similar survey study done in the US concluded that routine audiometric evaluation was performed in only 22/84 (26%) of the CF foundation accredited care centers and only 14 of those performed annual hearing evaluations [27] . Another UK-based study concluded that due to lack of clear protocols and guidelines, there was great difference in implementation of monitoring services (baseline testing, audiological tests used, criteria for referring at-risk patients, frequency and timing of monitoring, diagnostic criteria for ototoxicity and protocol for change in therapy) and significant uncertainty between all professionals involved [28] . A significant proportion of these professional groups agreed upon the fact that conventional PTA was the most frequently used tool for monitoring ototoxicity, followed by tympanometry. Unfortunately, HFA and DPOAEs, which are known to be more effective than PTA for early detection of ototoxicity [29, 30] , were sparsely used.
Despite the presence of substantial evidence supporting the significance of early identification of ototoxic-induced hearing loss, effective monitoring tools for ototoxicity have not been implemented in most clinical settings. Reasons for this are that these tools are expensive, the procedures are time-consuming and difficult to perform in a serial manner in chronically ill patients.
Efficient application of ototoxicity monitoring protocol
There is no doubt that ototoxicity monitoring utilizing sensitive monitoring tools is crucial for optimal audiological outcomes and mitigate the severity of ototoxicity. The monitoring protocol must be structured according to the particular patient's epidemiological characteristics. Fig. 1 shows the proposed ototoxicity monitoring protocol. Most studies have found HFA is a more sensitive tool in the early identification of ototoxic changes than PTA [24, [31] [32] [33] . Length of testing is the major limitation of behavioural threshold monitoring. Due to the patient's compromised health status, it is essential to implement a quick and efficient ototoxic monitoring test protocol [34] . Studies have demonstrated the ability to detect ototoxic damage to the cochlea through a limited behavioural test frequency range, called the sensitive range of ototoxicity using PTA and HFA (SRO BEH ). The SROBEH is unique for each individual's audiometric configuration. The individualized SROBEH is defined as the highest frequency with a threshold ≤100 dB SPL followed by 6 lower consecutive frequencies in 1/6th-octave steps.
Identifying pre-treatment patient-specific SROBEH and then monitoring these seven frequencies, spaced at 1/6th-octave intervals for early signs of ototoxicity, reduces test duration while maintaining sensitivity, compared with PTA and HFA. Fig. 2 provides an example of a high-frequency audiogram with SROBEH thresholds. SROBEH is relatively quick to monitor [34] [35] [36] and can be assessed using OtoID, a portable extended high-frequency audiometer specifically designed for ototoxicity monitoring [37] . The SROBEH is effective in identifying the frequency range in which this damage occurs [36, 38] allowing chemotherapy to be altered before significant hearing impairment occurs [38] . A substantial shift in hearing with the SROBEH is sensitive (90%), notwithstanding the frequency at which the shift occurs (above or below 8,000 Hz) [34] [35] [36] 38] . A prospective study reported that 92% of subjects had signifi`cant pure-tone threshold shifts within the SROBEH region [30] . However, this behavioural monitoring procedure is more appropriate for individuals that can provide reliable behavioral responses.
ASHA and AAA guidelines for ototoxicity monitoring propose that non-behavioural measures of auditory function are necessary during baseline evaluations because patients may become incapacitated or unable to provide reliable behavioural thresholds during treatment [23, 25] . An objective measure like DPOAEs is preferred for ototoxic monitoring compared to PTA in infants and non-responsive adults [39] [40] [41] . Few studies have examined the sensitivity of PTA, HFA, and DPOAE in the detection of ototoxicity [30, 33, 42] . A prospective study in adults investigated the ototoxic detection rate of DPOAEs and behavioural measures (HFA) and reported DPOAEs specificity rate was 78% in ears with confirmed behavioural changes and measurable DPOAEs [30] . A similar study in children with CF who received aminoglycosides showed higher alterations in HFA compared to DPOAEs [33] . In contrast, another study concluded that both HFA and DPOAEs showed the same sensitivity in detecting ototoxicity, but did not produce the same results in all patients [42] . Knight et al. [29] concluded that ototoxic hearing shifts occurred first in HFA, then in DPOAEs, and last in the conventional PTA, while monitoring patients who received platinum-based chemotherapy.
The concept of individualized SRO has been adapted to DPOAEs, which led to a sensitive range of ototoxicity using DPOAEs (sensitive range of ototoxicity using DPOAE, SRODP) [43, 44] . Results of numerous studies suggest that HFA, DPOAE, SROBEH, and SRODP have the potential to detect incipient ototoxicity, either individually or in a combination of tests. In addition, clinical tools such as the Dizziness Handicap Inventory (DHI) and Tinnitus Handicap Inventory (THI) can be used the measure the impact of vertigo and tinnitus on a day to day life.
Advantages of non-invasive clinical tools to detect minor ototoxic changes in cochlear physiology (i.e., DPOAEs) include their frequency-specific and quantitative assessment of hearing loss and their ability to measure over broader frequency ranges. DPOAE can also be done rapidly at the bedside, with good test-retest reliability at baseline and before every ototoxic drug administration. In addition, DPOAEs are cost effective as they can reveal initial ototoxic changes before it appears on the PTA, reducing further assessment unless DPOAE results warrant further testing. One important drawback with DPOAEs is that they are sensitive to incidental middle ear dysfunction, which is common in pediatric populations and in those who are immuno-compromised by ototoxic agents. In addition, DPOAEs may not be detectable in individuals with elevated thresholds (>60 dB sound pressure level) as changes in outer hair cell amplification mechanism alter DPOAE responses and auditory thresholds. In clinical practice, measurement of ultra-high frequency DPOAEs requires specialized equipment to deliver and record acoustic signals. Lack of standardized calibration techniques to preclude errors at these frequencies can make it a challenging task for hearing professionals.
Specific criteria for identification of ototoxicity
Despite extensive research supporting the aforementioned audiometric tests as effective ototoxicity monitoring tools, there remains no consensus regarding the gold standard regimen for ototoxicity monitoring. Most of the ototoxicity classification systems use behavioural thresholds (PTA) as a hearing change criterion to define the occurrence of cochleotoxicity in order to assist multi-disciplinary specialists in the ototoxicity monitoring. A recent review article identified 13 key cochleotoxic classification systems using audiometric results [45] . Results indicated the common weaknesses of these grading scales are lack of sensitivity to small changes in hearing thresholds, non-inclusion of HFA, and lack of indication of which changes are likely to be clinically significant for communication and quality of life. As numerous studies have demonstrated, the sensitivity of HFA in detecting cochleotoxicity, classification systems with HFA emphasis should be utilized in practice. Among the 13 classification systems, only Chang [46] and Tune [47] included HFA into the grading system. Although the ASHA classification does not include grading, it is the only available classification emphasizing baseline evaluation and is best suited for the earliest identification of ototoxicity [23] . Table 1 shows the ototoxicity criteria with the inclusion of HFA.
The choice of effective ototoxicity monitoring method is always debatable. Even though ASHA and AAA guidelines for monitoring of ototoxicity emphasize the significance of DPOAEs, there are no universally accepted criteria to define cochleotoxicity using DPOAEs. These professional guidelines do not advocate the SRO procedure; however, these sup- port the inclusion of HFA in ototoxicity monitoring. Comprehensive ototoxicity monitoring program-veteran affairs have addressed these clinical problems [38] . They proposed both SROBEH and SRODP as the preferred ototoxicity monitoring methods, either individually or in combination, based on the patient's health condition. Significant hearing shift using ASHA's criteria within the individualized SROBEH designates ototoxicity. A shift in DPOAE is considered significant only if the amplitude is reduced by 6 dB or more than the baseline SRODP [38, 43, 44] . DPOAEs are best utilized by assessing the measurable DPOAE f2 frequency range and its relation to SROBEH. Most of the existing ototoxicity grading systems do not appreciate the effect of hearing loss at the ultra-high frequency hearing loss, which is the warning signal of incipient ototoxicity. An optimal ototoxicity classification system should be clear and unambiguous, identify and quantify the ototoxic changes with high sensitivity, reflect the relevant patient population, easy for multi-disciplinary specialities to apply and understand (audiological/otological and non-audiological/ non-otological), correlate well with functional outcomes, and have a high degree of reliability.
Follow-up evaluation
Follow up testing is recommended to identify progressive hearing changes and also to detect an improvement in hearing acuity. This can be achieved through questionnaires, documenting subjective otologic complaints, synergistic components (i.e. noise exposure, other ototoxic agents), plus subjective and objective measures of auditory function. Assessments must be scheduled at appropriate intervals allowing for early detection of ototoxicity, which can depend on cancer type and the dose and frequency of ototoxic therapy. ASHA recommends evaluations to be done in one month and 3 months following termination of ototoxic therapy [23] . At 6 months, thorough audiological evaluation is done to reassess the patient's hearing status. Clinical tools such as the Tinnitus Ototoxicity Monitoring Interview and THI can be administered to detect the onset of tinnitus or change in tinnitus characteristics while administering chemotherapy. These characteristics can be reviewed by the audiologist/medical team to make appropriate decisions. If significant hearing changes are observed for HFA, SROBEH, DPOAE, and SRODP, appropriate action needs to be taken to prevent progression and irreversible damage.
Previous studies of children and adults receiving chemotherapy have shown a progressive hearing loss with young children being more at risk than adults [4, 48, 49] . Data suggests that long-term audiologic follow-up is needed for 2 to 10 years to document recovery and plan appropriate rehabilitation [50] [51] [52] .
Vestibulotoxicity monitoring
Although vestibulotoxicity of certain aminoglycosides is well established [53, 54] , no widely accepted guidelines for vestibulotoxicity monitoring exist. The major challenge in vestibulotoxicity monitoring is the identification of these symptoms which is apparent only when patients are mobilized and may often be incorrectly attributed to the patient's debilitated state. As there is no single test that can identify vestibulotoxicity, screening tests such as dynamic visual acuity and head impulse test, along with DHI, are recommended to monitor patients. Furthermore, vestibular diagnostic procedures are often impractical due to the patient's compromised health status. Currently, vestibular rehabilitation therapy is the preferred treatment for vestibulotoxicity but results are variable [54] .
Adherence to ototoxicity monitoring protocol
In clinical practice, medical adherence is a proven key factor associated with improved short and long-term clinical outcomes. Factors contributing to better ototoxicity monitoring adherence are myriad and include: those that are related to the hearing healthcare system (accessibility to service, interval between diagnosis and referral, and health promotion), those that are related to professionals (effective communication among themselves, greater insight of information about adverse effects), those that are related to patients (self-efficacy, age, attitudes and beliefs, and health literacy), and those that are related to therapy-induced complications (nephrotoxicity, ototoxicity, neurotoxicity). Medical non-adherence can adversely affect a patient's quality of life of patients while having a negative impact on their families, the cost-effectiveness of health care, clinical decisions, and the outcomes of clinical trials. While the variations in adherence to ototoxicity monitoring programs are not fatal, they certainly can negatively impact the clinical decisions and the health-related quality of life of patients. Identifying potential obstacles to ototoxicity monitoring adherence will improve adherence and health outcomes. Examples are lack of understanding of the condition, fragmented health care systems, and non-implementation of patient-centered/familycentered interventional strategies.
Prophylactic Measures
Several drugs with potential ototoxic effects are commonly used as a standard therapy in many types of cancer. These drugs often cannot be replaced easily by alternate drug regimens. Therefore, prevention of ototoxicity requires an individualized ototoxicity monitoring program in collaboration with the oncology team. This can effectively detect incipient ototoxicity early in its process so that preventive measures can be taken before the hearing loss becomes permanent and/or debilitating. Another strategy involves obtaining a personalized pre-treatment ototoxicity risk profile which would assist the healthcare professionals to predict the likely dose which produces significant hearing change as per ASHA's criteria [38] . Ototoxicity monitoring protocol should be supplemented with genetic screening to identify individuals susceptible to ototoxicity. This measure could potentially prevent hearing loss by avoiding administration of ototoxic drugs when identified potential confounders increase the risk of ototoxicity.
Otoprotectants
Many animal and in vitro studies have demonstrated the efficacy of otoprotective agents in the prevention of ototoxicity. There are a limited number of clinical trials investigating otoprotective agents. Many of them lack appropriate control groups, positive clinical findings [55] [56] [57] , longitudinal outcome [58] , and multicenter larger scale clinical trials [59] . Currently, otoprotective agents such as sodium thiosulfate, amifostine, and N-acetylcysteine have been investigated for cisplatin otoprotection in clinical trials. Although systemic administration of these agents can reduce cisplatin-induced hearing loss, it also can reduce the cisplatin's antitumor efficacy [55, [60] [61] [62] . Therefore, alternative approaches like delaying sodium thiosulfate for several hours after cisplatin administration plus intra-tympanic administration of these agents have been attempted to retain otoprotection and cisplatin's tumoricidal activity. A clinical study reported intra-tympanic administration of Nacetylcysteine demonstrated positive otoprotection for the prevention of cisplatin-induced ototoxicity [56] . A similar study using intra-tympanic dexamethasone also yielded positive results [63] .
Although previous trials of amifostine failed to demonstrate otoprotection [61, 62] , a recent study reported evidence in favor of systemic administration of this drug in preventing cisplatin-induced hearing loss in medium-risk but not higherrisk medulloblastoma patients [57] . Randomized trials comparing different doses or duration of otoprotective agents are lacking. A Cochrane review of 3 randomized, controlled trials of amifostine agents reported that no conclusions can be made about their efficacy in preventing cisplatin-induced ototoxicity in children [64] . Currently, no drugs have been given approval by the US Food and Drug Administration for prevention of drug-induced ototoxicity during curative cancer treatment [65] . Additional clinical research is needed to study the otoprotective nature of these drugs.
In recent decades, successful promotion of cochlear gene therapy, adeno-associated virus-mediated delivery of brainderived neurotrophic factor, and stem cells have been thoroughly demonstrated in animal models [66, 67] . With further improvement, these approaches may become clinically applicable over the coming decade.
Rehabilitation of Ototoxicity
The damage and/or disability of drug-induced hearing loss are often permanent and, therefore, it is important to minimize further damage. In case of permanent ototoxic damage and pre-exposure hearing loss, aural rehabilitation should be considered such as amplification devices/cochlear implants/ assistive listening devices in conjunction with communication strategies. Often, similar audiological characteristics or even patients with normal audiograms exhibit varying degrees of communication difficulties. Therefore, rehabilitation must be based on the communication difficulties rather than audiological outcomes. Self-reported measures of communication difficulty are recommended to guide treatment plans and gain a greater understanding of the incidence and burden of ototoxicity.
Areas of Uncertainty
Although many ototoxic drugs are reported in the literature, a standardized classification of these drugs is unavailable. Therefore, it is difficult for medical professionals to categorize which patients require pre-treatment audiological screening for a certain class of drugs. A pre-treatment screening may not be feasible in patients with poor physical health. Furthermore, genetic susceptibility plays a major role in ototoxicity. The initial effects of ototoxicity may go unnoticed by patients, caretakers, and medical professionals. There is also an absence of established protocols in vestibulotoxicity monitoring for patients who are critically ill. Furthermore, the equipment to measure HFA is not readily available in many clinics. All of these factors make early diagnosis and treatment of ototoxicity very difficult to achieve.
Conclusion
Ototoxicity is considered an otologic urgency because there is less recovery of functional damage when a treatment plan is not implemented promptly. Once the ototoxic medication is administered, regular monitoring should be a proactive step. A comprehensive assessment of ototoxicity should include sensitive audiological tests such as audiometry and DPOAEs that assess ultra-high frequencies and appropriate ototoxic grading criteria with high sensitivity and specificity. In clinical practice, individuals with a pre-exposure hearing loss should require the judicial use of ototoxic drugs and alternative treatment regimens should be employed. A robust ototoxicity monitoring protocol requires synergistic relationships between oncologists, audiologists, and otologists including positive patientclinician relationships. This team approach would foster truly patient/family-centered rehabilitation. Improved understanding of the cellular and molecular underpinnings of ototoxicity is critical to developing individualized preventive and rehabilitative strategies, thus minimizing chronic morbidities and optimizing the health-related quality of life. There is a greater need for clinical trials which can translate its outcomes into everyday practice aiming to enhance the adoption of best practices in the community and for international guidelines for ototoxicity monitoring.
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